The glycerol facilitator is one of the f e w known examples of bacterial solute transport proteins that catalyse facilitated diffusion across the cytoplasmic membrane. A second protein, glycerol kinase, is involved in entry of external glycerol into cellular metabolism by trapping glycerol in the cytoplasm as snglycerol 3-phosphate. Evidence is presented that glycerol transport in Pseudomonas aeruginosa is mediated by a similar transport system. The genes encoding the glycerol facilitator, glpi, and glycerol kinase, glpK, were isolated on a 4.5 kb EcoRl fragment from a chromosomal mini-library by functional complementation of an Escherichia coli glpK mutant after establishing a map of the chromosomal glpFK region with the help of a PCR-amplified glpK segment. The nucleotide sequence revealed that glpF is the promoter-proximal gene of the glpFK operon. The glycerol facilitator and glycerol kinase were identified in a T7 expression system as proteins with apparent molecular masses of 25 and 56 kDa, respectively. The identities of the glycerol facilitator and glycerol kinase amino acid sequences with their counterparts from Escherichia coli were 70 and 81 O/ O, respectively; this similarity extended to two homologues in the genome sequence of Haemophilus influenzae. A chromosomal AglpFK mutant was isolated by gene replacement. This mutant no longer transported glycerol and could no longer utilize it as sole carbon and energy source. Two ORFs, orfX and orfy, encoding a putative regulatory protein and a carbohydrate kinase of unknown function, were located upstream of the g/pFK operon.
INTRODUCTION
Among the various bacterial solute transport systems, transport by facilitated diffusion across the inner membrane is the least common (Nikaido & Saier, 1992) . Until very recently, the only well-studied examples were the glycerol diffusion facilitator (GlpF) of Escherichia coli (Sweet et al., 1990; Voegele et al., 1993;  Abbreviations: CIP, calf intestinal phosphatase; DHAP, di hydroxyacetone phosphate; GlpF, glycerol diffusion facilitator; GlpK, glycerol kinase; G3P, sn-glycerol 3-phosphate; MIP, major intrinsic protein.
The GenBank accession number for the sequence reported in this paper i s U49666.
Weissenborn & Larson, 1992) and the glucose facilitator of Zymomonas mobilis (Glf) (Parker et al., 1995; Weisser et al., 1995) . Although glycerol, like many other small solutes, can enter the cytoplasm of E. coli via passive diffusion, effective glycerol uptake was shown to be protein-mediated (Sanno et al., 1968) and dependent on phosphorylation to sn-glycerol 3-phosphate (G3P) (Voegele et al., 1993) . Phosphorylation of glycerol by glycerol kinase (GlpK) prevents glycerol from exiting the cell and is the first step in glycerol metabolism (Hayashi & Lin, 1965; Lin, 1996) . GlpF and GlpK interact very closely, with the phosphorylation reaction being stimulated by this interaction (Voegele et al., 1993) , a situation analogous to the hexokinase-and glycerol kinase-porin interactions in mitochondria, in IP: 54.70.40.11
On: Thu, 27 Dec 2018 04:41:50 H. P. S C H W E I Z E R , R. JUMP a n d C. P O which kinase is activated upon interaction with mitochondrial porin (Brdiczka, 1990) .
In E. coli, the glpF and glpK genes encoding GlpF and GlpK, respectively, are part of the glpFKX operon, of which the function of the glpX product remains unknown (Truniger et al., 1992) . Transcription of the glpFKX operon, which is a member of the glp regulon, is negatively regulated by the glp repressor and sensitive to catabolite repression (Cozzarelli et al., 1968 ; Weissenborn & Larson, 1992) . The GlpF protein has been identified as a membrane protein with an apparent molecular mass of 25 kDa (Sweet et al., 1990) , which is smaller than the calculated molecular mass of 29727 Da (Weissenborn & Larson, 1992) . E. coli GlpF has a high degree of homology to the family of major intrinsic membrane proteins (MIP), of bacterial, plant and animal origin (Baker & Saier, 1990; Nikaido & Saier, 1992; Weissenborn & Larson, 1992) . Glycerol kinase of E. coli is considered to be the pacemaker for the dissimilation of glycerol (Zwaig et al., 1970) . The active enzyme is a tetramer (Thorner & Paulus, 1971 ) of identical 56106 Da (Pettigrew et al., 1988) subunits whose catalytic properties (Thorner & Paulus, 1971 ) and crystal structure (Hurley et al., 1993) have been investigated. Like E. coli, Pseudomonas aeruginosa is also able to utilize glycerol as a carbon source which is primarily metabolized through the Entner-Doudoroff pathway (Cuskey & Phibbs, 1985; Siegel & Phibbs, 1979) . However, in contrast to E. coli, previous experimentation suggested that in P. aeruginosa glycerol transport may be mediated by a high-affinity, binding-proteindependent transport system (Siegel & Phibbs, 1979 ; Tsay et al., 1971) . Intracellular glycerol is then phosphorylated to G3P by GlpK, and subsequently oxidized to DHAP by G3P dehydrogenase. Besides glycerol, G3P can be transported and utilized as sole carbon source, although growth is much poorer than with glycerol (McCowen et al., 1981) . All of the enzymes involved in transport and metabolism of glycerol and G3P are inducible by both of these substrates, suggesting that their structural genes form a glp regulon (McCowen et al., 1981) . More recently it was shown that glp gene expression in P. aeruginosa is negatively regulated by the action of the glpR-encoded Glp repressor (Schweizer & Po, 1996) , in an analogous manner to glp expression in E. coli. Although the discovery of a number of GlpF and GlpK homologues in Gram-negative (Fleischmann et al., 1995 ; Sweet et al., 1990; Weissenborn & Larson, 1992) and Gram-positive (Claiborne et al., 1995; Holmberg et al., 1990) bacteria suggested the existence of a common mechanism for bacterial glycerol uptake, the nature of transport of this important nutrient in P. aeruginosa hitherto remained unclear. The initial models for glycerol transport and metabolism were largely based on comparisons of patterns of enzyme induction in wildtype and a few mutants. Subsequently, several observations were made concerning the transport of glycerol and G3P, respectively, which were in contrast to published results. Specifically, mutational analyses indicated that the co-induced transport of glycerol and G3P is not due to existence of a single transport system that is considerably more specific for glycerol than G3P, as previously suggested (Siegel & Phibbs, 1979) , but is due to two separate transporters (Schweizer & Po, 1994) . In addition, despite repeated attempts no binding-proteindependency for glycerol could ever be demonstrated although previous studies had indicated such a mechanism (Tsay et al., 1971) . More recent experiments by Williams et al. (1994) suggested that glycerol is probably taken up via facilitated diffusion, involving a mechanism similar to that described for E. coli. T o further our understanding of the biology of glycerol metabolism in P. aeruginosa, we set out to characterize at the molecular level the region responsible for transport of this important carbon source. Our results suggest the existence of a single glycerol transport system, consisting of a glycerol facilitator and a closely associated GlpK whose overall genetic, biochemical and functional properties are very similar to the corresponding proteins of E. coli GlpF. Furthermore, identification of related sequences in other Gram-negative bacteria reveals conservation of the molecular architecture of bacterial glycerol uptake systems.
METHODS

Materials.
Chemicals were generally of molecular biology grade and were purchased from Sigma, Fisher or BDH. [U-14C]Glycerol, [35S]methionine and [ 14C]methyl-labelled molecular mass markers were purchased from Amersham. DNA sequencing kits for fluorescent sequencing were obtained from Applied Biosystems. Calf intestinal phosphatase (CIP), restriction enzymes, large fragment of DNA polymerase (Klenow enzyme), T 4 DNA polymerase, and T 4 DNA ligase were purchased from Gibco-BRL, Boehringer Mannheim or Pharmacia. T a q DNA polymerase and pGEM-T cloning vector were purchased from Promega. Gibco-BRL and Difco supplied the growth media. Carbenicillin and gentamicin were purchased from the hospital pharmacy at Foothills Hospital (Calgary, Alberta, Canada). Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . LB medium (Sambrook et al., 1989) was used as the rich medium for both E. coli and P. aeruginosa. M9 medium (Miller, 1992) was used as minimal medium for E. coli and P. aeruginosa. Carbon sources were incorporated into minimal media at a final concentration of 10 mM. Glycerol phenotypes were also screened on MacConkey medium (Difco) supplemented with 0.5 O/O glycerol. Antibiotics were used in selection media at the following concentrations : E. coli, 100 pg ampicillin ml-l and 15 pg gentamicin ml-'; P. aeruginosa, 500 pg carbenicillin ml-' and 200 pg gentamicin ml-'. Lactose phenotypes were screened on LB plates containing 40 pg X-Gal ml-'. Isolation, manipulation and transformation of DNA. Restriction enzymes, CIP, T 4 DNA polymerase, and T 4 DNA ligase were used as per the supplier's instructions. Small scale isolations of plasmid DNA from 1.5 ml cultures of E. coli and transformations were done as previously described (Schweizer & Po, 1994) . DNA used for automated DNA sequence analysis was prepared according to a protocol provided by Applied Biosystems. DNA restriction fragments were eluted from low- between SmaIISphI sites of pUCP21 (glpFK orientation opposite to Plac) Ap"; 2708 bp EcoRI-Hind111 fragment from pPS585 cloned between EcoRIIHindIII sites of pT7-5 (glpFK orientation same as T7 promoter) Ap" ; 2708 bp EcoRI-Hind111 fragment from pPS585 cloned between EcoRI/HindIII sites of pT7-6 (glpFK orientation opposite to T7 promoter) Ap' ; 2708 bp EcoRI-Hind111 fragment from pPS.585 cloned between EcoRIIHindIII sites of pUCP20T (glpFK orientation same as Plac)
Schweizer & Hoang (1995) Promega Tabor (1994 ) Yanisch-Perron et al. (1985 This study This study
This study
This study
This study '' Plac, E. coli lac operon promoter.
gelling-temperature agarose gels as described by Wieslander (1979) (fragments <500 bp) or with the Geneclean kit (BiolOl) (fragments >500 bp). Genetic procedures. Recombinant plasmids were mobilized from E. coli strain BW19851 (Metcalf et af., 1994) to P. aeruginosa as described by Simon et al. (1986) . A AglpFK mutant was isolated by subcloning the blunt-ended 4.5 kb EcoRI fragment from pPS544 into the SmaI site of pEXlOOT (Schweizer & Hoang, 1995) . The glpFK genes were inactivated by insertion of a 1032 bp SmaI fragment containing the gentamicin resistance (Gm') encoding Q element from pACnGm (Schweizer & Hoang, 1995) between the Eco47III site (within gfpF) and the blunt-ended NcoI site (within glpK) ( Fig. lb) . The previously described sacB-based strategy (Schweizer & Hoang, 1995) was then employed to achieve gene replacement of the gfpFK region in wild-type strain PAOl with the AglpFK: : QGm insertion. DNA was denatured at 97 "C for 10 min and the mixture was cooled to 90 "C prior to addition of 2.5 U Taq DNA polymerase. This was followed by 30 cycles (94 "C for 1.5 min; 55 "C for 30 s; 72 "C for 2 min) and a final extension at 72 "C for 10 min. The desired 1039 bp PCR fragment was eluted from a low-gelling-temperature agarose gel and ligated to the pGEM-T (Promega) cloning vector (Table 1) following the supplier's protocol. The resulting plasmid was designated pPS539 (Table 1) . IP: 54.70.40.11
On: Thu, 27 Dec 2018 04:41:50 H. P. S C H W E I Z E R , R. J U M P a n d C. PO Genomic Southern analysis. For Southern analysis, chromosomal PAOl DNA was isolated (Schweizer & Hoang, 1995) , digested with various restriction endonucleases, electrophoresed on a 1 ' / o agarose gel in 0.5 x TBE [25 mM Tris (pH 8.3), 25 mM boric acid, 0.5 mM EDTA] and transferred to Photogene nylon membranes (Gibco-BRL) as described by Sambrook et af. (1989) . Plasmid DNA was biotinylated by random hexamer priming following the NEBlot protocol (New England Biolabs). Following transfer and UV fixation (Sambrook et af., 1989) , the membranes were probed with the biotinylated DNA fragment according to the Phototype protocol.
Establishment of chromosomal mini-libraries and cloning of glpK. For cloning of the 2 . 4 4 kb genomic EcoRI DNA fragments, EcoRI-digested PAOl chromosomal DNA was electrophoresed on a 1 O/O (w/v) low-melting-point agarose gel in 0.5 x TBE and the fragments from the 2 . 4 4 kb region of the gel were eluted. After ligation into EcoRI-digested and CIPtreated pUC18 (Yanisch-Perron et al., 1985) , ampicillinresistant DH5crF' colonies were selected. Plasmid DNA was isolated from the pooled transformants and used to transform the gfpK E. coli strain TL300 to ampicillin resistance on M9 glycerol medium. Plasmid DNA was isolated from colonies growing on these plates and the presence of gfpK was verified by re-transformation of strain TL300.
Sequencing of DNA. Double-stranded plasmids based on the cloning vectors pUC18 or pUC19 (Yanisch-Perron et al., 1985) were used as templates. Nucleotide sequences were determined with the Taq DyeDeoxy Terminator Cycle Sequencing kit and the protocol provided by the supplier (Applied Biosystems). Extensions were primed with the commercially available 24 nt pUC/M13 reverse and forward sequencing primers, respectively. Labelled samples were analysed in the University of Calgary DNA Analysis Core Facility on an Applied Biosystems model 373A DNA sequencer. Computer-assisted sequence analyses were performed with the MacDNAsis (Hitachi), SeqEd (Applied Biosystems) and SeqVu (Garvan Medical Institute, Sidney, Australia) programs. GenBank homology searches were performed with the on-line BLAST facilities of the National Center for Biotechnology Information at the National Library of Medicine (Bethesda, MD). PROSITE searches, including TMbase searches, were performed via the ExPASy Worldwide Web molecular biology server from the Geneva University Hospital and the University of Geneva, Geneva, Switzerland.
Transport assays. For assays of glycerol transport in wild-type PAOl and AglpFK mutant strains, cells were grown overnight in 4 ml M9 medium containing 0.2% Casamino acids (uninduced) or in the same medium supplemented with 5 mM G3P (induced). One millilitre of these cultures was harvested in a microfuge and washed three times in 1 ml carbon-free 0.5 x M9. Glycerol transport was initiated at room temperature by addition of [U-14C]glycerol ( > 120 mCi mmol-' or ~4 . 4
x lo9 Bq mmol-l) to the washed cells to a final concentration of 0.3 pM. Two hundred microlitre aliquots were taken at 20 s intervals, immediately filtered through 0-45 pm cellulose acetate filters, and washed with approximately 10 ml 0 . 5~ M9 without added carbon source. The filters were dried and the radioactivity remaining on them was determined by liquid scintillation counting. Uptake values are given as pmol glycerol transported by lo8 cells (assuming that an OD540 of 1 corresponds to 8 x lo8 cells) (Beckman DU640).
Expression of plasmid-encoded proteins. Plasmid-encoded polypeptides were overexpressed and identified with the bacteriophage T7 RNA polymerase-promoter system (Studier et af., 1990) . The host strain for T 7 promoter-containing plasmids was BL21(DE3), which contains the gene for T7
RNA polymerase under the control of the IPTG-inducible facUV promoter) (Studier et al., 1990) . The products of the cloned genes were selectively labelled with [35S] methionine as previously described (Schweizer, 1991) . Proteins were separated on 0.1 ' / o SDS/10 ' / o polyacrylamide gels (pH 9.2) (Makowski & Ramsby, 1993) . The de-stained gels were soaked in 1 M sodium salicylate (Chamberlain, 1979) , dried and labelled proteins visualized by autoradiography.
RESULTS
PCR amplification and cloning of glpK
During their studies on rhamnolipid biosynthesis in P. aeruginosa strain PG201, Ochsner et al. (1994) isolated three Tn5Gm-induced mutants, U0212, U0357 and U0606 (Table 1 ) that produced reduced levels of rhamnolipids and contained transposon insertions that were localized to the glpK gene by nucleotide sequence analysis and GenBank searches (Ochsner, 1993) . Based on their sequence information, the two primers PK1 and PK2 (underlined in Fig. l b ) were synthesized and used to amplify a 1039 bp DNA fragment from chromosomal P A 0 1 DNA. The nucleotide sequence of this fragment was determined and found to contain most of the glpK coding sequence ( Fig. l b ; sequence located between the converging broken arrows marked PK1 and PK2, respectively). The PCR-amplified fragment was used as the probe in genomic Southern experiments. These analyses established a partial restriction map of the PAOl glpK region (Fig. l a ) and identified a 4.5 kb EcoRI fragment which was shown to be located adjacent to previously cloned and sequenced DNA containing the glpD gene (Schweizer & Po, 1994) . Plasmid clones containing the 4.5 kb EcoRI fragment in pUC18 were identified in a chromosomal mini-library by complementation of the glpK mutation of E. coli strain TL300. All positive clones contained the 4-5 kb EcoRI fragment in the same orientation as the lac promoter and one representative plasmid, pPS544 (Table l) , was retained for further studies. By subcloning, and complementation of E. coli TL300, the glpX gene was localized to a 2.7 kb AflII-SphI fragment carried by pPS585 and pPS592 (Table 1) .
Nucleotide sequence of glpF and glpK
T o further define the ORFs and their products contained on the cloned 2.7 kb AflII-SphI fragment, its nucleotide sequence was determined from both strands, utilizing various subclones and deletion derivatives of pPS544.
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BamHI 1600 Schweizer & Po, 1996) ; X and Y, glpX and glpY, encoding a transcriptional regulator and carbohydrate kinase, respectively, of unknown function; this study); Af, Aflll; Ba, BamHI; CI, Clal; Ec, EcoRl; Ps, Pstl; Sp, Sphl. (b) Nucleotide sequence of an Aflll-Sphl fragment containing glpf and glpK is shown. Listed below the sequence are the deduced amino acid sequences of GlpF and of GlpK. The proposed -35 and -10 promoter sequences and consensus Shine-Dalgarno (SD) sequences are underlined. An inverted repeat sequence that may act as a transcriptional terminator is indicated by convergent arrows. A proposed g1p operator sequence, OF, is underlined with asterisks. The priming sites used to amplify a glpK fragment from chromosomal DNA with primers PK1 and PK2 are underlined and the directions of synthesis from the primers are indicated by broken arrows. Vertical lines labelled U0212, U0357 and U0606, respectively, indicate nucleotides flanking the insertion points of previously characterized glpK: :TnSGm insertions (Ochsner, 1993) . capable of forming a stable (AG = -131 kJ mol-l) secondary structure, which may serve as a transcription termination signal (Rosenberg & Court, 1979) . Completion of the entire glpK sequence also allowed for precise location of the previously isolated glpK: : Tn5Gm insertions contained in strains U0212, U0357 and U0606 (Fig. l b ; Ochsner, 1993) .
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Amino acid sequence of GlpF
The glpF gene encodes a protein of 279 amino acids with a combined calculated molecular mass of 28897 Da. The extemely low polarity of the GlpF protein is typical of that found for other membrane transporters (74% nonpolar, 26 O/ O polar residues). P. aeruginosa GlpF is very similar to its homologue from E. coli (70 Yo identity; 90 Yo similarity) (Weissenborn & Larson, 1992) 
and the putative GlpF homologue from
Haemophilus infiuenzae (71 % identity, 93 O/o similarity) (Fleischmann et al., 1995) (Fig. 2) . This similarity also extends to the propanediol facilitator PduF from supported the earlier notions that GlpF belongs to the family of MIPS (Nikaido & Saier, 1992; Weissenborn & Larson, 1992) and all GlpF proteins analysed have the signature motif that is typical of this family (Fig. 2) .
Amino acid sequence of GlpK
The sequence for glpK indicates an ORF of 505 codons.
The calculated molecular mass of GlpK was 56 063 Da. P. aeruginosa GlpK is very similar in size and amino acid composition to the corresponding proteins from E. coli (81 O/ O identity, 88 Yo similarity; Pettigrew et al., 1988) and H . influenzae (72 YO identity, 86 YO similarity; Fleischmann et al., 1995) (Fig. 3) Fig. 3) , are found in the central and C-terminal sections, respectively. In addition, GlpK contained the conserved N-terminal DQGTTSSR ATPbinding motif (residues 14-21) (Flaherty et al., 1991; Hurley et al., 1993) as well as residues (R87E88-Y 139-D249) that are equivalent to residues R83E84- Y136-D245 of E. coli GlpK, which are involved in glycerol binding as determined by crystal structure analyses (Hurley et al., 1993) . Note that the crystal structure coordinates are different from those of the deduced amino acid sequence (Fig. 3 ) since E. coli GlpK undergoes post-translational processing so that the Nterminal amino acid of the mature protein is threonine (Pettigrew et al., 1988) .
Expression of GlpF and GlpK in E. coli
T o demonstrate expression of GlpF and GlpK, the 2.7 kb fragment containing their coding sequences was cloned into the expression vectors pT7-5 and pT7-6 (Tabor, 1994) in both orientations with respect to the T7 promoter. Following induction and expression, the radiolabelled proteins were analysed by SDS-PAGE IP: 54.70.40.11
On: Thu, 27 Dec 2018 04:41:50 P. aeruginosa glycerol transport which was followed by autoradiography ( Fig. 4) . Only pPS586, containing glpF and glpK in the same orientation as the T7 promoter, expressed two proteins with estimated molecular masses of 25 and 56 kDa (lane 2). These polypeptides were not expressed from pPS587 carrying glpFK in the opposite orientation (lane 4), and were also absent from vector-containing cells (pT7-5, lane 1 and pT7-6, lane 3). The observed size (56 kDa) for the P. aeruginosa GlpK polypeptide compares very favourably with the size deduced from the nucleotide sequence (56063 Da), as well as the predicted molecular masses of 56228 Da for the E. coli GlpK protein (Pettigrew et al., 1988) and 56 138 Da for the putative H . influenzae GlpK protein (Fleischmann et al., 1995) . As previously reported for E. coli GlpF (Sweet et al., 1990) , the observed size (-25 kDa) for P. aeruginosa GlpF is smaller than the calculated size (28897 Da).
Isolation of a P. aeruginosa glpFK deletion mutant
T o confirm that glpF and glpK are required for glycerol transport and growth on glycerol, a chromosomal AglpFK mutation was introduced into wild-type strain PAO1. This was achieved by replacing the sequences located between an Eco47III site located early in glpF and a NcoI site located in glpK with a Gmr-conferring R element, and by returning the mutant construct into the chromosome by allelic exchange. The AglpFK: : RGm insertions were confirmed by genomic Southern analyses (data not shown). The AglpFK mutant no longer grew on 10 mM glycerol and failed to transport glycerol (Fig.  5a ). Growth on G3P and its transport were normal (data not shown). The plasmid pPS592 harbouring glpF'K' restored growth on glycerol as well as glycerol transport (Fig. 5b ).
Nucleotide sequence of orfX and orfY
T o test for the presence of other putative glp genes upstream of the glpFK operon, the nucleotide sequences located between the EcoRI and AflII sites (Fig. l a ) were determined (GenBank acession no. U49666). This segment contained one complete ORF, orfX, and one partial ORF, orfyl. The orfX gene encoded a protein of 156 amino acids with a calculated molecular mass of 16363 Da. BLAST searches revealed that its gene product showed significant similarity with a putative regulatory protein, Orfl, from S. typhimurium (Burns & Beacham, 1986) , protein 1434 of unknown function from H . influenzae (Fleischmann et al., 1995) , and with the proposed binding-substance regulator EbsC from Enterococcus faecalis (Bensing & Dunny, 1993) . In the T7 RNA polymerase system, orfx expressed a 17 kDa protein (data not shown). Although only limited sequence was available for orfv', the N-terminus of its gene product showed striking homology to carbohydrate kinases, especially GlpKs from various Gram-negative and Gram-positive bacteria. In particular, the N-terminal DQGTTSSRA ATPbinding motif, which is conserved in GlpKs, was found. Since the orfx-orfu intergenic region contained neither apparent transcription initiation nor termination signals 
DISCUSSION
The P. aeruginosa chromosomal region containing the genes encoding the glycerol facilitator, glpF, and GlpK, glpK, was cloned by functional complementation of an E. coli glpK mutant. Nucleotide sequence analysis revealed that glpF and glpK are organized in an operon with glpF being the promoter-proximal gene, as described for E. coli (Sweet et al., 1990; Weissenborn & Larson, 1992) and H . influenzae (Fleischmann et al., 1995) . The presence of a putative transcription terminator downstream of glpK, and the immediately following glpR gene (Fig. l a ) (Schweizer & Po, 1996) suggest that glpFK are the sole genes of the operon and that glpX (Truniger et al., 1992) , if present in P. aeruginosa, is not a member of the glpFK operon. Previous studies showed that glpFK expression is negatively regulated by the action of a glp repressor and that the putative glpF promoter region contained a palindromic sequence that showed a 70% match with the E. coli glp operator consensus sequence (Schweizer & Po, 1996) . Thus, the glpFK operon is a member of a glp regulon.
The glycerol facilitator is a protein of extremely low polarity which explains its aberrant mobility on SDS-PAGE (observed molecular mass of 25 kDa versus a calculated mass of 28 897 Da) due to the binding of more SDS by the abundant hydrophobic amino acids as has previously been noted for E. coli GlpF (Sweet et al., 1990) . Hydropathy analyses of the GlpF primary sequence and predictions of possible transmembrane segments (Hofmann & Stoffel, 1993) further indicated that it probably is an integral membrane protein with six potential membrane-spanning helices. It has previously been pointed out that this design is unique among bacterial plasma membrane transporters (Weissenborn & Larson, 1992) , which usually contain 12 transmembrane helices ( 6 + 6 design) (Nikaido & Saier, 1992) . Signature analysis placed the MIP motif in the second cytoplasmatic loop and confirmed the previous conclusions that GlpF belongs to the MIP family of proteins (Weissenborn & Larson, 1992) , which includes the MIP of the bovine lens junction (Gorin et al., 1984) .
The latter protein produces large, open, aqueous channels presumably at the interface of four subunits (Aerts et al., 1990) . Although some properties of GlpF are similar to those of channel-type transporters (Heller et al., 1980) , its function must be somewhat different to avoid leakage of solutes from the cytoplasm. As is true with other plasma membrane transporters, the channel is likely to be gated so that it opens only when the proper ligand binds to its binding site (Nikaido & Saier, 1992) .
Alternatively, gating could also be achieved by a close physical interaction with GlpK, which is required for efficient glycerol phosphorylation (Voegele et al., 1993) .
The analysis of the GlpK amino acid sequence revealed the conserved nature of this protein. When compared to other bacterial GlpKs, the P. aeruginosa protein contains all of the conserved motifs including the N-terminal ATP-binding site, the two signatures of the FGGY family of carbohydrate kinases and the amino acid residues involved in glycerol binding. As in E. coli GlpK (Hurley et al., 1993) , the functional domains, i.e. the domains involved in ATP and glycerol binding, are located in the N-terminal half of the protein. This may explain why glpK insertion mutants that synthesize truncated GlpK proteins retain the ability to grow slowly on glycerol and still exhibit low levels of glycerol transport (see below).
A plasmid-borne glpFK deletion was constructed and returned into the chromosome. The resulting mutant failed to grow on 10 mM glycerol and completely lacked glycerol transport activity but transported and grew on G3P normally. Growth on glycerol and glycerol transport was efficiently complemented by a plasmid expressing the cloned glpFK operon from the constitutive plasmid-borne lac promoter. Due to the increased copy number and constitutive expression of GlpF and GlpK, the maximum velocity of glycerol transport in the complemented, uninduced mutant was threefold higher than that observed in induced wild-type strain PAO1. For unknown reasons, glycerol transport activity was inhibited when the plasmid-containing cells were grown in G3P-or glycerol-containing medium.
Interestingly, although some of the glpK : : Tn5Gm insertion mutants (Table 1 and Fig. l b ) have insertions, e.g. U0357 and U0212, that lie early within glpK, all of these mutants still grew on 10 mM glycerol, albeit at a reduced rate when compared to their parent PG201, and showed significant levels of inducible glycerol transport (2.2-2-9 pmol min-l per lo* cells on average in all of the mutants versus 11-9 pmol min-l per lo8 cells in their parental strain PG201). Thus, the truncated GlpKs synthesized by these strains seem to be able to phosphorylate the glycerol passing through the facilitator channel and trap it as G3P in the cytoplasm. However, since PG201 is a different P. aeruginosa isolate than PAO1, its genetic background may be different from PAOl and thus these results have to be interpreted with caution. For proper comparison, these experiments will have to be repeated by transferring the glpK: : Tn5Gm mutations into the PAOl genetic background. Alternatively, glycerol entering the cell independent of GlpF could by metabolized via a glycerol dehydrogenase and dihydro%yacetone kinase pathway (Sprenger et al., 1989) , alFhough this seems unlikely since (i) these activities Rave never been demonstrated in P. aeruginosa and (ii) if'\\they existed the AglpFK mutant described above should show some growth on glycerol -this is not the case.
Since the two reading frames located upstream of the glpFK operon did not show any homologies to glpassociated functions known to exist in P. aeruginosa, e.g. G3P transport, it can be concluded that their structural genes must be located outside the glpFglp K-glp R-glp D-g lpM region, whose co mp 1 e t e sequence has now been assembled, and which has recently been mapped to the 31 min region of the chromosome (Liao et al., 1996) of the P. aeruginosa glp regulon may be similar to the glp regulon of E. coli and contain operons that are located in different regions of the genome.
In E. coli, the products of the glp regulon are responsible for salvaging the glycerol moiety of degradation products of phospholipids and triglycerides (Lin, 1996) .
In P. aeruginosa, phospholipids have been implicated as important carbon sources for synthesis of alginate (Terry et al., 1991 (Terry et al., ,1992 Williams et al., 1994) , a viscous exopolysaccaride and an important virulence factor found in mucoid cystic fibrosis lung isolates (May et al., 1991) .
Phosphatidylcholine and phosphorylcholine can be used by P. aeruginosa as sole sources of carbon, nitrogen and phosphorous (Terry et al., 1991 (Terry et al., , 1992 . Although the G3P moiety of the phospholipid backbone is metabolized only very slowly (McCowen et al., 1981) , glycerol has been shown to be a particularly good carbon source for energy metabolism (McCowen et al., 1981) , for alginate synthesis in bronchial and cystic fibrosis isolates of P. aeruginosa (Marty et al., 1992) , and readily promotes the appearance of mucoid colonies when supplied in high enough concentrations (Terry et al., 1991) . Fig. 6 illustrates how P. aeruginosa may acquire carbon from phospholipids for energy metabolism and for synthesis of the importance virulence factor alginate. Phosphatidylcholine, a major component of lung surfactant (Girod et al., 1992) , is degraded to 1,2-diacyl-glycerol and phosphorylcholine by the action of phospholipase C (Berka & Vasil, 1982; Terry et al., 1992) , an enzyme that is also considered an important virulence factor (Vasil et al., 1991) . Phosphorylcholine can then serve as carbon and phosphorous source, presumably by action of alkaline phosphatase, which is co-induced with phospholipase C (Shortridge et al., 1992) , and the choline-utilization enzymes (cited in Holloway et al., 1994) . Diacylglycerol is hydrolysed to glycerol and fatty acids by extracellular lipases or esterases (Jaeger et al., 1992) .
Glycerol entering the periplasm via the OprB porin (Williams et al., 1994) is transported into the cytoplasm via the glycerol diffusion facilitator and trapped intracellularly by the action of GlpK. Intracellular G3P is then funnelled into phospholipid biosynthesis, into energy metabolism and/or the alginate biosynthetic pathway after conversion to DHAP by action of membrane-associated G3P dehydrogenase. Although the derivation of G3P and its transport have not been studied in detail in P. aeruginosa, it may proceed as previously described for E. coli. In E. coli, extracellular G3P, or G3P derived in the periplasm from glycerophosphodiesters by action of a phosphodiesterase, is transported into the cytoplasm via a G3P permease (Larson et al., 1983) .
Even though fatty acid uptake and metabolism have been extensively studied in E. coli (Black & DiRusso, 1994) , the corresponding enzymes have not been identified in P. aeruginosa. As in E. coli, fatty acids are probably transported and metabolized by the combined action of a specific outer-membrane protein and a fatty acid oxidase complex (Black & DiRusso, 1994) .
Although experimental evidence directly or indirectly indicates the presence of most of these enzymic activites in P. aeruginosa, the characterization of many of them awaits cloning and characterization of their structural genes.
